ABSTRACT: Basic photosynthetic characteristics determining the shift in phytoplankton species and size composition from coccolithophores and dinoflagellates to diatoms were investigated. The study revealed a slight seasonal decrease in the light utilization efficiency (cr,,,) from 0.078 to 0.056 mg C (mg chl a-'] h-' (W m-') from winter to early spring, a s well as a small increase in the photosynthesis light saturation (Ik; 29.4 and 45.5 W m-2, respectively) and in the diurnal assimilatory number [DAN;
INTRODUCTION
Winter and early spring see an upsurge of diatom development in the Black Sea. These large-size colonial forms replace smaller unicellular ones -coccolithophores and dinoflagellates -predominant in the late autumn and early winter phytoplankton (Belogorskaya & Kondratyeva 1965) . This study investigated the basic phytosynthetic characteristics that determine the shift in the phytoplankton species and size structure from coccolithophores and dinoflagellates to diatoms.
MATERIALS AND METHODS
The study was carried out during the 25th cruise of the RV 'Professor Vodyanitsky' (December 1987 to January 1988 and the 49th cruise of the RV 'Mikhail Lomonosov' (March 1988) in the Black Sea.
Primary production was measured using simulation in situ (Harrison et al. 1985) . Total primary production O Inter-Research/Printed in Germany and chlorophyll a were measured in the pelagic zone in the western part of the Black Sea at 25 stations in winter (1 December to 20 January) and 26 stations in early spring (6 to 26 March) ( Fig. l A , B) . Primary production of various size-fractionated phytoplankton assemblages was measured in December 1987, and January and March 1988. Samples for primary production estimates were obtained using a glass flow bathometer from 8 depths of the euphotic zone selected to correspond to irradiations equal to 100, 63, 34, 12, 5, 2, 1 and 0.5 O/O of surface solar irradiance (Io, W m-2 PAR). The decrease of light with depth was measured with a submersible quantum sensor. This device was designed at the Marine Hydrophysical Institute of the Ukrainian Academy of Sciences for measuring the light absorption coefficient in the blue part of the spectrum: Left = 480 nm (Weinermann & Neuimin 1978) . The sensor has a cosine collector, a colour filter and a selenium element. When operated, it is suspended on a 3-core cable. The signals are checked on board at 5 m intervals during descent and ascent, using a digital measurements from surface to between 40 and 50 m depth took under 5 min which minimized radiabon variability due to clouds. Measurements were made once a day with the sun high (ho 3 45"). These data were used to calculate the quotient of weakening of the solar energy flow (K) and the depths (Z) to which the above-mentioned percentages of light penetrated. Water samples from each depth were incubated in 0.25 1 polycarbonate bottles (in duplicate), inoculated with purified NaHI4CO3 (20 pCi or 74 X 104 B q ) , and placed into the appropriate incubator compartment with flowing seawater. Each of the 8 incubator compartments was irradiated using neutral light filters to reduce light to the level corresponding to each depth. The incubator was exposed on deck for half the daytime, usually from between 6:00 and ?:00 h to between 12:00 and 13:OO h. Incubation temperature was the same as that of the sea surface.
Irradiation was continuously measured with a U-1 16 luxmeter. Then, total irradiation for the exposure time was calculated in klux. The latter was transformed to W m-', using the relationship of Kleshnin (1954) : 1 klux = 5.8 W m-2. Subsequently, the light intensity for each incubator section was calculated as 100, 63, 34, 12, 5, 2, 1, and 0.5 % of Io. Using graphs of production vs irradiation, maximum production (P,,,) under light saturation (Ik) as well as minimum production (Pmin) were calculated. Pmin in spring was found at about the depth to which 0. m. These data demonstrate considerable deepening of the euphotic zone from winter to spring. P, , , in spring was found at depths with 100 to 63 % of Io, i.e. about 0 to 3 m, but in winter only at that with 100 O/O of Io, that is on the very surface. These data show no inhibition of photosynthesis in winter, and negligible inhibition in spring in the pelagic zone.
Maximum diurnal assimilation number (DAN,,, with k, mg C (mg chl a)-' d-'1 was calculated by dividing P, , , (mg m-3 d-') by chlorophyll concentration (mg m-3) Table 1 . Mean values of primary production (PP, mg C m-* d-l), chlorophyll a in the surface layer at the maximum production depth. A 'day' is assumed equal to the daylight period from sunrise until senset, which at the latitude of the Black Sea is about 10 h in winter and 12 h in early spring. Light utilization effi-
Samples for measurement of primary production and chlorophyll a were filtered through 0.4 pm filters (Synpor). The phytoplankton was size-fractionated, using a set of 2 filters and a nylon sieve (Krupatkina et al. 1987) . The filter pore-size varied from 20 pm in the upper nylon sieve to 2.5 and 0.45 pm in the middle and lower filters (Synpor and Sartorius, respectively). Filtration was initiated under vacuum (ca 0.1 to 0.2 atm) and continued under the hydrostatic pressure caused by a ca 70 cm height difference. Thus the phytoplankton was conventionally divided into small (0.4 to 2.5 pm), medium-size (2.5 to 20 pm) and large (> 20 blm) fractionated groups.
Radioactivity was measured using a 1215 RackBeta (LKB Wallac Co., Finland) counter. Respiration was measured by the Winkler method a s the decrease in oxygen concentration between zero-time samples and samples incubated for 10 to 12 h in the dark. Incubation was carried out at in situ temperature, using calibrated . . 
RESULTS

Total phytoplankton primary production and photosynthetic characteristics
Primary productivity in winter typically amounted to < 500 mg C m-2 d-l, and in spring < 1000 mg C m-' d-'
( Fig. 2A, B) . Average production in winter was 275.2 and in spring 581.4 mg C m-2 d-' (Table l ) , representing a 2-fold increase from winter to spring. Chlorophyll a concentration at the surface (0 m) increased from 0.74 in winter to 2.15 mg m-3 in spring, i.e. 3-fold. Hence the spring increase of production was rather due to higher phytoplankton biomass than to changes in photosynthet~c parameters. In support of this assumption, one may point to a small seasonal decrease in the light utilization efficiency (achl) from 0.078 to 0.056 mg C (mg chl a)-'. There was but a small change In the diurnal assimilation number (DAN) from winter to spring [19.0 and 24.1 mg C (mg chl a)-', respectively]. Coupled with this, a drastic decrease in respiration (expressed relative to produchon) was observed. In winter, when small unicellular forms (coccolithophores and dinoflagellates) dominated the phytoplankton, respiration accounted for 29 % of P, , , .
In spring, with species and size structure changes in favour of large-sized colonial forms (diatoms), respiration decreased to 2.5 O/O of P,,, ( Table 2) .
Noteworthy is the low respiration (4 to 6 O/O of P,,,) in blooming diatoms in Sevastopol Harbour in both winter and spring [ Table 3 ).
The vertical distribution of chlorophyll a varied from contribution was found to be greatest (> 50 %). Howincreased from 0.74 mg m-3 in winter to 2.14 mg m-3 in ever, the increase was possibly due to the fact that these spring ( Table 2) . Hence the average seasonal concendiatom species have the highest P,,, to P,,, ratio ( production, this ratio became virtually the same for Diatom primary production and photosynthetic characteristics
The increase of primary production from winter to spring was partly due to an increasing diatom contribution (Rhizosolenia calcaravis, Rhizosolenia alata, Nitzschia ceriata, Nitzschia delicatissima) to the overall 
500
Primary production, mg C m-2 d-1 Fig. 6 . Variation of the P,,,/P,,,, ratio of (A) the phytoplankton and (B) its various size-fractionated communities during the primary production increase in winter and early spring (notation a s in Fig. 5) diatoms and overall phytoplankton production, and this can be considered a convincing argument in favour of a major contribution by diatoms. There is also a tendency for the contribution by diatoms to overall chlorophyll a to be maximum from winter to early spring. Likewise, the station at which the contribution of diatoms was greatest (Stn 5810) was that where chlorophyll was highest. AN,,, for diatoms decreased (Table 3 ) from 5.7 in winter to 1.29 mg C (mg chl a)-' h-' in spring.
DISCUSSION
The described increase of primary production can be compared with seasonal changes in the seawater structure. In early spring, seawater temperatures (Fig. 7, 1 ) are still very low (6 to 8OC). With the virtually unchanged temperature, and irradiation only 1.5 times higher than in winter, there comes about an extremely important change in the seatvater stratification. Markedly stratified waters d~vided by a seasonal thermocline into upper and lower layers due to storms and surface chilling-off merge into a quasi-homogeneous (in temperature) 'mixed layer'. Since the temperature gradient at the lower bounding of this mixed layer (ca 50 m) is only ca 0.1 "C m-', this layer extends downwards as far as the main pycnocline (ca 100 m). The The 100 m deep mixed layer having formed, lower waters periodically upwell bringing so-called 'new' nutrients to the lower strata of the euphotic zone and somewhat below (30 to 50 m depth). The high content of these elements (e.g. 30 to 40 m g P-PO4 m-3, Dobrzhanskaja 1967; 111.9 k 25.7 mg N-NO3 m-3, n = 65, Kirikova pers, comm. -the same early spring cruise 1988) is only advantageous for those algae that, drifting downwards, are able to adapt to dim light or even total darkness over rather long periods of time, about 20 to 30 h or probably more (Nalewajko et al. 1981 , Smith & Barker 1985 , Nalewajko & Valtolina 1986 ). Hence they should b e characterised by extremely low respiratory losses.
Diatoms seem to possess such qualities. Thus, with diatoms dominating the spring phytoplankton, respiration was low and so net production roughly equalled gross production (Fig. 7, 11) . On the other hand, in winter, when coccolithophores and dinoflagellates prevailed, relative respiration was about an order of magnitude higher and, consequently, net production was less than gross production (Fig. 7, 111) . Admittedly the oxygen technique used measures overall plankton respiration. However, as demonstrated by Kuparinen (19871, in early spring this overall respiration during the diatom bloom may b e regarded as that of diatoms alone. The present investigation supports this assumption through the finding that the diatom contribution to the high spring chlorophyll concentrations (2.15 mg m-3) is the largest (50 %). As was shown by Bell & Kuparinen (1984) , in early spring dlatom respiration is very low and therefore gross and net production are practically equal. The same follotvs from our recent review paper (Krupatkina 1990, Table 3 ), which further shows that, when diatoms dominant, phytoplankton respiration is low (Table 2) .
With the large mixed layer, water circulation will be relatively slow, which may confine diatoms to a long stay in low light or even in total darkness. Their long stay in weak irradiation may be somehow related to the decrease of a.,hl in early spring. In our opinion, it coincides with the decrease in a;hl in middle latitudes at the same time of year (Platt & Jassby 1976) . On the whole, we obtained a;hl data for theoverall phytoplankton (Table 4) similar to those cited for Arctic and middle latitudes.
